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SUMMARY: Recently, the use of magnesium alloys as metallic implant materials for biodegradable coronary artery stents has 
been steadily growing in interest. However, AZ31 magnesium alloys present poor corrosion resistance in the body 
environment. This work reports on the use of a treatment with low-toxicity IL Trimethyl (butyl) phosphonium diphenyl 
phosphate P1444DPP, which provides corrosion protection for magnesium alloy AZ31 in simulated body fluid (SBF). Before IL 
treatment, surface was cleaned by HNO3 and H3PO4 acid pickling solution. The effect of ionic liquid treatment on the 
corrosion performance of magnesium alloys AZ31in simulated body fluid has been investigated by electrochemical tests and 
the observation of surface morphology. The results show that this IL treatment succeeded in increasing the corrosion resistance 
of AZ31 when exposed to SBF. 
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1. INTRODUCTION 
Coronary stents are considered as one effective treatment for coronary disease, and a stent could sustain a mechanical opening 
of a vessel and finally remodel the arterial wall to its original shape[1, 2]. Recently, permanent metallic stents have been widely 
used in clinics. But it is often claimed that the continued presence of a stent after vessel remodeling is unnecessary[2], and the 
stent inside the coronary vessel as a foreigner also has long-term risks, such as chronic inflammation, in-stent restenosis[3] and 
late thrombosis[4]. Therefore, biodegradable stents would be preferred to permanent stents, which would provide the temporary 
opening to narrowed artery vessels, and be gradually dissolved after the vessels remodeling [5].Recently, Mg-based alloys have 
gained more interest as the candidate materials for biodegradable stents , because of (1) low toxicity of Mg [2, 6]; (2) 
biodegradability of Mg in the body, and (3) the excellent mechanical properties of Mg alloys[7]. 
However, the primary drawback of Mg alloys as a potential material of coronary artery stents is low corrosion resistance in the 
body environment [7, 8], as a result magnesium alloys cannot maintain their mechanical integrity before the vessels have fully 
been remodeled[9].Therefore, it is very important to find an optimal method to control the biodegradation rate of Mg alloys . 
One possible approach to control the degradation rate of Mg alloys is to develop an ionic liquid barrier film on the surface of 
Mg alloys. An ionic liquid is a low temperature molten salt[10], with many unique properties, such as high concentration of 
reactive species with metal surface, high stability and good ion conductivity.  Previous studies found some ionic liquids could 
form a passive film on the surface of alloys, such as lithium, Mg alloys and Al alloys[11-13].  
Magnesium alloys as metal substrates are difficult to coat because of a native loose film composed of oxides and hydroxides 
on the surface. This causes poor adhesion between the magnesium alloys and the subsequent coatings[14]. Therefore, an 
appropriate surface pretreatment is required prior to any coating. In practice, the surface may be prepared for coating by 
different pretreatment processes, including wiping, detergent rinsing, grit blasting, abrading, and various chemical treatments 
[15]. In this case, the surface was pretreated by mechanical polishing and acid pickling to remove the loose oxide/hydroxide film 
and produce a rough surface.  
This paper investigates the influence of ionic liquids on the corrosion behavior of magnesium alloy in SBF.  
2. EXPERIMENTAL METHODS 
2.1 Materials used 
The magnesium alloy investigated was AZ31 magnesium alloy with following chemical composition (in wt.%): Al: 2.40-3.6, 
Zn:0.5-1.50, Cu: <0.1, Mn>0.15.  
The low toxicity ionic liquid Trimethyl(butyl)phosphonium diphenyl phosphate (P1444DPP) was selected here to control the 
corrosion rate of AZ31 in simulated body fluid. The IL was purified through a column containing a filter agent, alumina and 
sand to remove impurities. The structure of P1444DPP is shown in Fig 1[16]. 
  
Fig1. The structure of (a) trihexyl(tetradecyl)phosphonium cation (P1444+) and (b) bis2,4,4-trimethylpentylphosphinate anion 
(DPP-) 
A commercially available simulated body fluid (SBF) was chosen as the test solution due to its similar ion compositions to the 
human blood plasma[18]. 
2.2 Surface Preparation and Ionic Liquid Pretreatment 
Specimens were mounted into epoxy resin and ground with SiC paper up to a 4000 grit surface finish under running distilled 
water, then finally rinsed with acetone, and dried under a nitrogen stream. A 5mm* 5mm surface area was exposed for testing. 
Before IL treatment, the specimens were pre-treated by immersion in pickling acidic solution of HNO3 (30mL/L) and H3PO4 
(605 mL/L) [14] to remove any loose MgO/Mg(OH)2 on the surface. The pickled surface was examined using a Veeco 
ContourGT-K1 Optical Profilometer. 
To coat the alloy with the IL, specimens were first heated in an oven at 500C. A thin layer of IL was applied to the specimen 
surface by pipetting 0.25mL of the IL onto the alloy, and allowing to stand for 1 hour before testing. 
2.3 Electrochemical Tests 
Electrochemical Impedance Spectroscopy (EIS) tests and Potentiodynamic Polarization (PP) test were done using a three-
electrode cell connected with an EG&G PAR VMP2/Z multi-channel potentiostat. These tests were performed in 150 mL SBF 
solution using epoxy-mounted samples with 0.25cm2 surface area exposed. The counter electrode was a Ti mesh, and the 
reference was a saturated calomel electrode. The EIS measurements were carried out over a frequency range of 200 kHz to 50 
mHz with eight points per decade using a 10 mV amplitude perturbation. EIS spectra were acquired at 1-hour intervals. The 
Zfit program in the EC-Lab Software was used to fit the equivalent circuit to the EIS experimental data. The scan potential 
range for potentiodynamic polarization (PP) test was -0.1 V v.s. Eocv to +0.5 V v.s. Eocv. 











In these tests, three specimens, namely a control, one pickled in acid solution and one pickled and IL treated, were immersed 
into 100 mL of SBF solution for 2 hours. The SBF solution was held at 37°𝐶  in a water bath. After immersion, the corroded 
surface was examined using scanning electron microscopy (SEM). 
3. RESULTS  
3.1 Acid Pickling Pretreatment and Surface Modification 
Fig 2 shows optical profilometer data for the alloy after immersion in the pickling solution for 60 seconds. A layer of surface 
to a depth of approximately 6 µm had been removed by the pickling process. The surface appearance of the specimen after 
acid pickling was significantly difference to that of the as polished specimen ( Fig.3a and b). After acid pickling, a coarse 
roughed surface was produced consisting of etched depressions where metal had been removed. This was particularly 
noticeable around intermetallic particles in the microstructure. This surface condition is likely to result in better adhesion 
between the metal substrate and any subsequent coating. EDXS analysis shown in Fig 4 found that most depressions and 
cavities had formed next to the intermetallic phases containing Al-Mn, and Mg-Al-Zn. This may have been the result of 
potential differences between these second phases and the Mg matrix, thus making the adjacent matrix more susceptible to 
corrosion in the pickling solution.  
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Fig 3. Surface Appearance of (a) as-polished AZ31 and (b)AZ31 after immersion in acid pickling solution for 60s. 
  
Fig 4. EDS of particle A and particle B shown in image B  Fig 3. 
3.2   Effect of IL Pre-Treatment on Corrosion Behavior of AZ31 in SBF 
The protective effect of the IL film was assessed using data from the EIS test. Fig 5 shows the variation in film resistance with 
immersion time, which was extracted from the EIS spectra. The high resistance for the IL treated specimen at the start of the 
immersion indicates that the IL provided a protective layer. As shown in Fig 5, the film resistance for both the acid pickled 
specimen and the control specimen increased rapidly during immersion in SBF. This is thought to be due to the buildup of 
corrosion product due to high reactivity in SBF. In contrast, IL treated specimen showed a relatively lower rate of increase in 
surface resistance, when it was immersed into SBF. The film resistance on the IL treated specimen did not increase with time 
as much as the untreated specimen, and indicates a slower rate of corrosion with the IL treatment. However, corrosion still 
occurred in the presence of IL, and this could be due to a heterogeneous and/or defective IL film.  
The effect of IL on corrosion was further investigated by polarization tests. The PP graph shown in Fig 6 shows a significant 
difference between the untreated surface and the other surfaces. Acid pickling pretreatments shifted the corrosion potential to  
more positive values, and reduced the current densities in the anodic arm of the curve. This indicates that pickling reduced the 
dissolution rate of the magnesium matrix. Promisingly, the IL treatment shifted the potential to a more noble value (-1.71 V to 
-1.63 V) as well as reducing the anodic current density. The values of “Ecorr” and “icorr” are shown in Table 1. The “icorr” for the  
A 
B 
Particle A Particle B 
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IL treated specimen after acid pickling was nearly 20% less than that for the pickled specimen and 65% less than the control 
speciemen. 
The improved corrosion performance is also apparent from the corroded morphology as shown in the SEM. The surfaces of the 
specimens exposed in the SBF are shown in Fig7a and b. The acid pickled specimen was covered with a coating of corrosion 
product that was extensively cracked. This“ mud cracking” results from internal compressive stresses developed during drying 
in the SEM. The greater extent of “mud cracking” on the surfaces of acid pickled AZ31 indicates thicker corrosion product 
layers. Very few “ mud cracks” were observed on the surface of IL treated specimen, suggesting that a thinner corrosion 
product layer existed on the surface of IL treated specimen.  
 
Fig 5. Film resistance of control AZ31, acid pickled AZ31, and IL treated AZ31 after acid pickling versus immersion time  
 
Fig.6. Potentiodynamic Polarization (PP) curves of control AZ31, acid pickled AZ31, and IL treated AZ31 after acid pickling. 
 
 
Table 1 Corrosion parameters determined from the polarization curves. 
Sample Ecorr (V) Icorr (µA) 
Control -1.85 52.0 
Acid Pickled  -1.71 22.1 




Fig 7. Corroded surface of (a) acid pickled AZ31, (b) IL treated AZ31 after acid pickling observed by scanning electron 
microscopy. 
4. DISCUSSION 
The development of a rougher surface prior to the IL coating treatment is beneficial in the development of an optimized 
coating, as a rougher surface has higher surface activity. Here AZ31 was pretreated prior to coating by immersion into acidic 
HNO3 and H3PO4 solution for 60 seconds. It was seen that this chemical pretreatment has a marked effect on the surface 
roughness of AZ31. The optical profilometry observation shows that a surface layer of AZ31 with the thickness up to 6 µm 
was removed, which indicates that any loose films on the surface of magnesium alloys, including oxides, hydroxides, 
embedded sand, passivation film and dust lubricant would have been removed, which is beneficial for the subsequent IL 
deposition. 
The variation of surface resistance with immersion time was recorded by electrochemical impedance spectroscopy (EIS) tests. 
The IL treated specimen showed the lowest growth in surface resistance with immersion time, compared with the control and 
acid pickled specimens in SBF. The increase of surface film resistance during immersion is due to the accumulation of 
corrosion product on the surface, so IL treated specimen had less corrosion product on the surface, and thus showed better 
corrosion performance in SBF. The significantly lower growth rate of surface resistance for the IL treated AZ31 after acid 
pickling, compared to the case of IL treatment with no acid pickling reported previously [17], suggests that the acid pickling 
treatment can help the IL film formation and provide some corrosion protection. 
At the beginning of the corrosion tests, there was very limited corrosion activity visually evident on the surface of the IL 
treated specimen. The surface resistance at that time was mainly dominated by the resistance of passive film on the surface. 
The higher film resistance of IL treated AZ31 at the beginning of immersion (0 hours) proves the existence of a protective IL 
film. The initial surface resistance of acid pickled AZ31 was lower than that of the control AZ31, which was the result of the 
removal of oxide/hydroxide film during the pickling treatment.  
From the polarization results, it is clear that the IL coating was effective at retarding the anodic dissolution rate of AZ31. The 
cathodic kinetics was not reduced by the IL coating. This suggests that the IL coating only protected the Mg matrix from 
corrosion in SBF, but did not adequately protect the cathodic phases in the microstructure. The reduction in corrosion current 
icorr shows that this IL coating is capable of providing improved corrosion protection for Mg-alloy AZ31. However, corrosion 
still occurred in the presence of IL, and this could be due to a heterogeneous and/or defective film of IL. For a film to provide 
protection on an Mg alloy for coronary artery stent, a homogeneous film with uniform coverage across the entire surface will 
be required. Such a film may have an ‘ideal’ slow increase of film resistance in SBF, and would represent a slow rate of 
corrosion that the body can tolerate, making sure that the coronary artery stent can keep its mechanical integrity before the 
(a) (b) 
diseased vessel returns to its original shape, and be gradually degraded and absorbed in the body. In order to achieve this “ideal” 
situation, there are many aspects of IL conversion coatings that can be improved, including and not limited to: choosing 
appropriate pretreatment process prior to conversion IL coating, controlling water content in the IL, and trying anodizing to 
deposit IL on the surface. 
 
5. CONCLUSIONS 
(1). The IL film can provide some corrosion protection for AZ31 in SBF. This is thought to be due to the ability of the IL 
to retard the dissolution rate of the Mg matrix. 
 
(2). The acid pickling pretreatment prior to IL coating help to improve the IL deposition on the surface of Mg matrix. 
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